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Abstract
Cementitious materials are characterised by low tensile strengths and low 
tensile strain capacities. They are brittle and, as such, benefit bom reinforcement, 
which increases their ability to withstand tensile and shear stresses.
The mechanical performance of cheap, lightweight, aggregated cement sheets 
can be improved significantly by incorporating fibre meshes just beneath either 
surface. Such “cement-boards” have potential for use in several load-bearing and 
non-load-bearing applications, in both interior and exterior construction 
enviromiients. For tliis to be possible, it is necessary to develop an understanding of 
the manner in which these materials fail and to be able to predict the properties of the 
composite in terms of those of its constituents.
In the present work, a commercially available cement board and several 
experimental boards have been examined using reflected light and scamiing electron 
microscopy, enabling the main micro structural featiues to be characterised. A 
methodology for producing damage fiee specimens for mechanical chaiacterisation 
has been developed. A bend rig suitable for the testing of specimens up to 0.5 m in 
length and 70 mm in width, in tluee or four point bending, has been designed and 
built. The properties of the boards have been measured in flexure and in tension and 
the relevant failure mechanisms have been identified. Also, the properties of the glass 
fibre crenette and the cement core from the boards have been measured individually 
and the effect of tlie accumulation of damage in reducing the Young’s modulus of the 
commercially available board has been studied and modelled analytically.
It was found that the stiffness of the cement board is dependent solely on the 
properties of the cement core, while the ultimate strength is dependent on the 
properties of the crenette. The geometiy of the crenette has an influence on the 
manner in which the cement board fails.
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1. Introduction
lo Introduction
1.1 Project Bacl^round
Cementitious materials are cliaracterised by low tensile strengths and low tensile 
strain capacities. They are brittle and, as such, benefit fi*om a second reinforcing phase, 
which increases their ability to withstand tensile and shear stresses.
Historically tins is not a new idea, one of the first applications of reinforced 
concrete was a ferrocement rowing boat built in France by Lambot in 1849. One of these 
boats was still afloat 100 years later (Cassie, 1967) and is now on display in a museum, 
reportedly in good condition. A similar boat was constructed in Holland in 1887 and was 
still afloat on the pelican pond at Amsterdam zoo almost 100 years later (Swamy, 1984).
The mechanical performance of cheap, lightweight, aggregated cement sheets can 
be improved significantly by incorporating fibre meshes just beneath either surface. Such 
“cement-boai*ds” could potentially be used in several load-bearing and non-load-bearing 
applications, in both interior and exterior construction environments. For this to be 
possible, it is necessary to develop an understanding of the manner in which these 
materials foil and to be able to predict the properties of the composite in terms of those of 
its constituents.
1.2 Report Outline
This report consists of six chapters, this introduction being the first. The second 
chapter is a literature review, in which some of the literatui e relevant to ceramic matrix 
composites and cement matrix composites is presented. The materials used are 
characterised in chapter three. The results and associated discussion aie split into two 
chapters, with chapter four dealing with bend tests and chapter five covering tensile tests. 
Conclusions fiom these results are drawn in chapter six.
2. Literature Review
2. Literature Review
2.1 Introduction
There is very little published literature concerning continuous fibre reinforced 
cement matrix composites. This problem is further compounded by the fact that of the 
available literature, a sizeable proportion is concerned with the comparison of 
commercially available products and their application in the construction industry. As a 
result of this, the literature review will concentrate on two allied topics, namely the 
mechanical behaviour of brittle (ceramic) matrix continuous fibre reinforced composites 
and the behaviour of cement matrix composites with a variety of reinforcements. One 
cement matrix composite in pailicular, ferrocement, is anticipated to be particularly 
relevant and so will be considered in a separate section of the review.
2.2 Ceramic Matrix Composites
2.2.1 Introduction
Ceramic matrix composites (CMCs) are attractive materials for many applications, 
since the addition of a second phase can overcome the low toughness generally associated 
with ceramic materials enabling gi eater benefit to be gained fiom their high theoretical 
strength, and the retention of their mechanical properties at elevated temperatures.
As a result of the importance of CMCs, much work has been conducted on their 
behaviour under various loading conditions and test environments. This section of the 
review will be concerned with the portion of this work which is most relevant to this 
project, specifically the base line mechanical properties and behaviour of brittle matrix 
composites reinforced with unidirectional fibres under tensile and bending loads. Bending 
tests have the advantage that they are easy to perform, but the results are difBcult to 
interpret whereas conversely tensile tests are more difficult to perform, but interpretation 
of the results is simpler.
There is a vast amount of hterature available on CMCs, covering all aspects of 
theii* mechanical and physical behaviour. Reviews of their mechanical behaviour include
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those by Bowen (1968), Curtin (1991), Davidge and Briggs (1989), Evans and Marshall 
(1989), He et al (1993), and Schwietert and Steif (1990). Reviews emphasising multiple 
matrix cracking include those by Aveston et al (1971), Aveston and Kelly (1973), Curtin 
(1993) and Marshall et al (1995).
2.2.2 Matrix Cracking
Aveston, Cooper and Kelly (ACK) (1971), in what is now regarded as the 
pioneering work concerned with modelling the onset of matrix cracking in brittle matrix 
continuous fibre composites, considered the possible mechanisms by which failure of the 
composite can occur, in terms of the mechanical properties of the matrix and the 
reinforcement. If one of the constituents of a fibrous composite fails at a lower 
elongation than the other, then provided that the unbroken constituent is able to bear the 
load, continued or multiple fracture of the more brittle phase will occur until the specimen 
breaks when the ultimate strength of the stronger phase is reached. If the breaking strain 
of the fibres is less than that of the matr ix, then single fi acture will occur when
2.1
where am is the strength of the fibres, Gmu is the strength of the matrix and a ’m is the stress
on the matrix required to produce a strain equal to the brealcing strain of the fibres. Vf
and Vm are the volume fractions of fibre and matrix respectively. When the fibres brealc, 
the matrix is unable to withstand the extra load transferred to it and failure of the 
composite results. However, if
K ,  2.2
then the fibres will be successively fractured into shorter lengths by a process of multiple 
fiactme. The matrix is able to sustain the extra load transfeiTed to it when the fibres 
break and failure of the composite does not occur until the matrix attains its failure strain.
Due to the brittle natuie of ceramics, for a CMC to be practically useful the strain 
to failure of the fibres must be greater than that of the matrix. If this is the case, and
+ O-'y Vj. 2.3
where aV is the stress on the fibres required to produce a strain equal to the failui e strain 
of the matrix then multiple fiacture of the matrix will occur. If the fibres aie unable to 
sustain the additional load transfeiTed to them when the matrix fails (amuVm) then failure
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of the composite will occur by single fracture of the fibres and matrix. Stress is 
transfeiTed from the fibres to the broken mati'ix segments via the fibre/matrix interface, 
such that the equilibrium spacing of the cracks is determined by the interfacial shear 
strength.
Multiple fiacture of the matrix in this manner results in a stress/strain curve vrith 
several distinctive features (figure 2.1). ACK modelled this behaviour by considering that 
when unidirectional composites are loaded parallel to the fibres, the matrix will crack and 
the extra load must be carried by the fibres bridging the crack, causing them to experience 
additional strain. The extra load is transferred back into the matrix away from the crack 
by a constant limiting interfacial shear strength, x. As the composite is loaded further, it 
will continue to crack until it can no longer carry any additional load. If the matrix has a 
well defined single-valued breaking strain, this cracking will occur at a constant stress, 
equal to EcSmu, where Ec is the Young’s modulus of the composite and Smu is the strain to 
foilure of the matrix, (region AB on figure 2.1). The fibres will be extended, sliding 
through the blocks of matrix and the final modulus of the composite when only the fibres 
are caiTying the load is EfVf, where Ef is the Young’s modulus of the fibres. Failure of the 
composite occurs when the stress on the composite reaches <TfuVf , where cifu is the 
strength of the fibres and Vf is the volume fraction of fibres.
ACK used this model to derive the loading/unloading behaviour of the composite, 
and using the Griffith fracture criterion (a global energy balance) determined the applied 
strain required to propagate a long crack through the matrix as
/  2.4
I  E,EX .r J
where 8m is the matrix failuie strain (equal to the composite strain), Em is the matrix 
modulus, Vm is the volume fraction of matrix, r is the fibre radius, Ec is the composite 
modulus and 2jm is the fiactme energy of the matrix.
Aveston and Kelly (1973) developed this approach fiirther by considering a case in 
which the fibre and matrix are bonded. More recent developments allow for the 
interaction of matrix cracks (Zok and Spearing, 1993) and include the effect of residual 
thermal stresses from processing of the composite (Piyce and Smith, 1993).
2. Literatui e Review
2.2.3 Behavioui’ under Bending loads
Due to the volume dependence of the strength of a ceramic, the strength when 
measured in bending will be higher than the strength measured in tension as the stress 
varies with position in a bend test specimen. It is possible to derive the ratio of tensile to 
bend strength for a monolithic material (Davidge, 1979).
For three point bending,
2.5
where oab is the^strength measured from a three point bend test, at is the^strength 
measured fr om a tensile test and m is the Weibull modulus of the material.
For four point bending.
(X 4(tm + 1) 
m+2
{W£0LV\for loading at the quarter points, where a4b is the^strength measured from a four* point 
bend test.
These relationships are not valid for a CMC beyond the proportional limit (Steif 
and Trojnacki, 1994). On the tensile side of the beam, multiple matrix cracking causes a 
reduction in the elastic modulus. On the compressive side of the beam, there is no 
cracking and no reduction in elastic modulus. This causes a shift in the neutral axis of the 
beam. Consequently, the stresses are no longer related to the applied loads by simple 
beam theory.
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2o3 Cement Matrix Composites 
2.3.1 Introduction
The majority of the literature published on cement matrix composites is concerned 
with short, randomly oriented fibres dispersed through the thickness of the material. 
Mechanics of brittle matrix systems, implications for cementitious systems and the main 
types of fibre-cement composite, including production processes, physical and mechanical 
properties, durability and applications have been covered comprehensively by Bentur and 
Mindess, 1990.
The range of materials used as the reinforcement is diverse and, unlilce ceramic 
matrix composites, the reason for then presence may have as much to do with reducing 
the cost of the material as improving properties. For example, cement boards are 
produced reinforced with pulp fiom municipal solid waste (Kitamura et a/, 1984) and with 
wood fibres (Karam and Gibson, 1994).
2.3.2 Concrete
Concrete (generally taken to mean the mixture of cement, water and both fine and 
coarse aggregates) represents one of the largest uses of a composite material. There are 
three ways to describe the relationship between the constituents of this mixture (Neville 
and Brooks, 1990). Firstly, the cementing medium (the products of the hydration of 
cement) can be viewed as the essential building material, with the aggregate being a 
cheaper dilutant. Secondly, the coarse aggregate can be viewed as a mini-masonary 
which is joined together by mortar (a mixture of hydrated cement and fine aggregate). 
Thirdly, if it is recognised that to a first approximation concrete consists of two phases, 
hydrated cement paste and aggregate, then the properties of concrete are governed by the 
properties of the two phases and also by the presence of interfaces between them.
The latter approach is usefiil in understanding the mechanical behaviour of 
concrete. As can be seen in figure 2.2, both cement paste and aggregate show linear 
elastic behaviour to failure, yet this is not the case for concrete, which shows apparently 
pseudo-plastic behavioui*. This is due to the presence of microcracking at the interface
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between coarse aggregate and hydrated cement paste (bond cracks arising from 
differential volume changes between the cement paste and the aggregate, due to 
differences in mechanical and thermal properties and the movement of moisture). These 
cracks remain stable under applied stress of up to about 30 per cent of the ultimate 
strength of the concrete. Above 30 per cent of the ultimate strength, crack development 
occurs, with the cracks increasing in both length, width and number. Under these 
conditions (i.e. slow propagation of cracks), the strain increases at a faster rate than the 
stress. At between 70 and 90 per cent of the ultimate strength of the concrete, cracks 
open through the mortar matrix, bridging the bond cracks and forming a continuous crack 
pattern. Propagation of these cracks is fast, and failure will occur* with the passage of 
time if the load is sustained. If the load is increased further, rapid failure will result when 
the ultimate strength of the concrete is reached.
A consequence of the development of microcracks is that concrete has the ability 
to redistribute local high stresses to regions of lower stress, avoiding early localised 
failme.
2.3.3 Short Fibre Composites
The beneficial effects of adding short glass fibres to cement are well documented. 
Majumdar and Ryder (1968) obsei*ved that the strength of the composite increased with 
increasing glass content, but noted that unless the composition of the cement and the glass 
were carefifily controlled, there would be a reduction in the strength of the composite 
during curing of the cement due to alkali attack on the glass. This deterioration in 
properties was also noticed by Grimer and Ali (1969), who observed that unless an alkali 
resistant glass was used, the strength of the composite deteriorated with time. The work 
of fracture may also decrease with time, since hydration of the cement causes stiffiiess to 
rise, raising the critical volume fraction of fibres necessary for multiple fiacture of the 
matrix to occui* (the maximum work of fr acture occurs when multiple fracture of the 
matrix occurs prior to failure of the composite).
Failure of a gl^s reinforced cement composite occurs when a transverse crack in 
the matrix opens sufficiently to pull out the fibres (Allen, 1971). Allen also found that 
there was no evidence to suggest that the addition of fibres would delay the onset of
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cracking of the matrix and that the buUc of the initial stiffiiess of the composite was 
accounted for by the matrix. At low strains the composite shows a linear elastic 
behavioui', followed by matrix cracking. However, it was found to be impossible to 
obtain accurate measurements of matrix cracking due to the variation in the initial stiffiiess 
of the material, which is dependent on the of • Allen noted also
that despite the superficial similarity between glass fibre reinforced cement and glass fibre 
reinforced plastic, there is little similarity in their behaviour characteristics, due to the 
brittle natui e of the cement matrix and the low glass content of the composite. The same 
can be said of CMCs, where the poor bond between the fibre and the matrix causes their 
behavioui' to be controlled by fiiction at the fibre-matrix interface.
2.3.4 Continuous Fibre Composites
Keer and Hannant (1986) studied the load-displacement behaviour in flexure of a 
cement reinforced with continuous polyolefin fibres through the thickness of the material. 
Observing that the load-displacement relationship derived firom stress-strain relationships 
in tension and compression using simple beam theory did not provide good agreement 
with experimental results, they used a moment-rotation relationship and a crack 
development pattern to predict the load-displacement behaviour. This eliminates the need 
to use simple beam theoiy derived expressions for the stress-strain relationships in 
compression and tension and so provides good agreement with experimental results, as 
illustrated in figure 2.3. Curves A and B are theoretical, A being derived from simple 
beam theory and B from the crack development approach.
2.3.5 Other Cement Composites - Polymer Impregnated Concrete
The addition of a polymer to concrete can improve durability and mechanical 
properties severalfold (Majumdar and Laws, 1983). The addition of a glassy polymer 
such as polymethyl methacrylate produces a solid that is linear elastic almost up to the 
point of failure and whose stress-strain behavioui' can be modified by the addition of 
plasticizing co-polymers. However, there are no satisfactory analytical models or failure 
criteria for such a concrete composite.
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2.3.6 Relationship between Tensile and Bending Strengths for Cement 
Matrix Composites
Majumdar and Laws (1983) state that the ratio of the ultimate tensile strength to 
the modulus of rupture was close to the theoretical maximum of 3. This is explained by 
the non-linearity of the material in tension, but is very difficult to predict due to the 
uncertainty about the variables involved.
2,4 Ferrocement
2.4.1 Introduction
Fen ocement can be considered as a modified form of conventional steel reinforced 
concrete. The reinforcement consists of a large amount of small diameter wire meshes, 
distributed uniformly throughout the cross section, as opposed to the discrete reinforcing 
bars used in steel reinforced concrete, and instead of concrete, portland cement mortar is 
used as the matrix.
The reinforcement can talce one of several forms (figure 2.4), square welded or 
woven wire mesh, hexagonal wire mesh or an expanded metal lath (formed by slitting thin 
gauge sheets and expanding them in a direction perpendicular to the slits) (Shah and 
Balaguru, 1984). Meshes with hexagonal openings are not as structurally efficient as 
meshes with square openings because the wires are not oriented in the principal stress 
directions, but they do have the advantage of being very flexible and can be used in thin 
sections. Welded wire meshes have higher Young’s moduh than woven meshes, so give 
less matrix cracking in the early stages of loading, however, woven meshes are more 
flexible and easier to work with than the welded meshes. Additionally, welding anneals 
the wire and limits the tensile strength (Dinsenbacher and Brauer, 1974). Expanded metal 
laths and welded wiie mesh have approximately equal strengths in their normal orientation 
(Johnston and Mattar, 1976, Irons and Watson, 1977), but the expanded metal lath results 
in a stiffer composite, reducing crack widths in the early stages of loading. Despite these
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advantages, expanded metal lath is not flexible and so cannot be used in constructions 
involving sharp curves.
The composition and properties of ferrocement are given in table 2.1.
2.4.2 Mechanical Properties
2.4.2.1 Behaviour under compression
The addition of a wire mesh to portland cement mortar increases its stiffiiess, but 
this increase is not sufficient to be considered in design and the properties of ferrocement 
in compression are controlled by the matrix alone, such that thin ferrocement plate 
elements can be considered as plain mortar plates.
2.4.2.2 Behaviour under tension
Three distinct stages of behaviour are observed when studying the uniaxial stress- 
strain cuive for ferrocement (figure 2.5). In the first stage, the composite behaves as a 
linear elastic solid, with a modulus that can be described by a simple rule of mixtures 
expression using the modulus of the mortar (Em) and the reinforcement (Er) and the 
volume firaction of reinforcement (Vr):-
Ec ={i - V ^ ) e „ + V ^E , 2.7
where the subscript L refers to properties in the longitudinal direction.
This first stage is terminated by the occuirence of the first matrix crack, which forms 
when the tensile strength of the mortar is exceeded.
During the second stage, multiple cracking of the mortal* matrix occurs. The 
number of cracks increases with increasing stress/strain, but there is very little increase in 
the crack opening. Increases in strain are distributed through the formation of new cracks 
rather than the opening of existing cracks. In this second stage, the modulus decreases 
progressively fiom an upper bound value (that during stage one) to a lower bound value
10
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in which the contribution from the mortar becomes zero. The lower bound value for the 
modulus of elasticity can be obtained simply by setting Em to zero in equation 2.7, giving
“  ^RL^ R 2.8
This stage terminates at the point when the wire reinforcement begins to yield. This stage 
represents the behaviour of most structural elements under service loads, since the service 
load is almost always large enough to induce cracking in the mortar but seldom large 
enough to induce yielding of the steel reinforcing mesh.
Stage three begins when the reinforcement begins to yield and terminates in the 
failm e of the composite. The number of cracks in the mortar matrix remains constant, but 
the crack width increases. Behaviour of the specimen is controlled by the reinforcing 
mesh, since the matrix is saturated with cracks.
2.4.2.3 Behaviour under flexure
As for tension, the behaviour of ferrocement in flexure can be divided into three 
stages, that is pre cracking, post cracking and post yielding (figure 2.6). The following 
mechanical analysis of these stages (Shah and Balaguru, 1984) relies on the following 
assumptions:
1. Plane sections remain plane and perpendicular to the neutral axis, i.e the strains in the 
mortal* and reinforcement are diiectly proportional to their distance fr om the neutral 
axis.
2. The behaviour of the reinforcement is elastic-perfectly plastic i.e. for stresses less than 
the yield strength, the stress in the steel is proportional to the strain and after yielding 
the stress in the steel remains constant at the yield strength.
3. The tensile strength of the mortal* is neglected in flexural strength calculations of 
cracked beams.
4. The maximum useable compression mortar strain is 0.003mm/mm.
11
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5. For strength calculations at ultimate load, the parabolic stress-strain distribution of 
mortar can be approximated to a rectangular distribution using the procedure 
recommended by the American Concrete Institute Code.
In the pre cracking stage, the mortar contributes to both the tensile and compressive 
resistance of the composite. Classical bending theory (e.g. Case et al, 1993) can be used 
to calculate the strength and stiffiiess of the beam. The stress, strain and force 
distributions across the thickness of the beam are shown in figure 2.7, m which the 
following nomenclature is used:
b = width of the beam
h = total tliiclcness of the beam
Asi = the total area of the ith layer of reinforcement
d{ = distance of the fth layer of reinforcement from the extreme compression fibre
8c = strain in the extreme compression fibre
St = strain in the extreme tension fibre
Cm = total compressive force contribution of mortar
Cs = total compressive force contribution of reinforcement
Tm -  total tensile force contribution of mortar
Ts = total tensile force contribution of reinforcement
fsi = stress in the ith layer of reinforcement
fî, = mortar stress in the extreme tension or compression fibre
Em= Young’s modulus of mortar
Br = Young’s modulus of reinforcement
jdi = lever arm of ith layer of reinforcement, measui ed firom the neutral axis
Using force and moment equilibrium, the resisting moment of the cross section, M, can be 
wiitten as:
2 2.9M  =  C„Xor T J x - h  + Y ,  fsi jdi/=i
where m is the number of layers of reinforcement.
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Substituting Cm=V^ bhfm gives
1 ^  2.10 
M = -b h  A J J d ,»=1
This equation can be used to calculate the moment of resistance of the section up to the 
point where the first tensile crack occurs.
The first tension crack occurs when the maximum mortar tensile stress,reaches 
the modulus of ruptur e, f .^ This can be predicted firom the empirical relation
fy = 0.62-^^ j 2.11
where /7  is the compressive strength of the mortar expressed in MPa. The cracking 
moment, Mcr can be calculated by substituting /■ for in equation 2.10. However, due 
to the empirical nature of the stififtiess calculations, an extremely accur ate evaluation of 
the cracking moment is not necessary and the cracldng moment can be calculated using 
the simplified equation
where Vrl is the volume fi-action of reinforcement in the bending direction and n is the 
modular ratio Er/E,ti. In making this simplification, it is assumed that the wire meshes are 
uniformly and continuously distributed throughout the cross section. The moment of 
resistance for any given stress fm can be calculated by substituting fr for fm.
Using this simplified procedure and classical bending theory, the equivalent 
stiffiiess of the ferrocement m the precracking stage can be expressed as Emig where Ig is 
the moment of inertia of the uncracked cross section, determined by the equation
4 = ^ 6 A ^ [l + (n-l)F ^]
The above equations are valid when the beam contains no cracks. Beyond the 
formation of the first crack, classical beam theory can still be used to calculate the 
moment resistance of the beam, but some modifications must be made to equation 2.9. 
After cracking, the tensile force contribution of mortar is negligible compared to the
13
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contribution of reinforcement, and hence Tm can be assumed to be zero. The stresses and
forces can be represented as in figure 2.8.
The depth of the neutral axis is calculated using the force equilibrium equation
1 . , 2.14Tbcf„,=Z,AXiz ,=1
Sinceyrn=EmSc,/si=EREsi, (Sc/ssi)=(c/(di-c)) and n=ER/Em, equation 8 can be rewritten as
z  J=1
The term (d, - c) becomes negative for reinforcement layers located in the compression 
zone. In the above equations (2.14 and 2.15), both the steel and the mortal* are assumed 
to be lineal* elastic.
Using the moment equilibrium condition, the resisting moment, M, can be 
expressed as
J /=!
Equation 2.15 can also be written in a form convenient to calculate the stresses in the 
mortal* and the reinforcement as follows
^ M 2.17fm — j ^c^r
. M ,  \ 2.18
where 1er is the moment of inertia of the cracked section calculated using the equation
, bc  ^ ^  V 2.19
Equations 2.16 to 2.19 essentially represent all the equations necessary for calculations in 
the post-cracking, pre-yielding stages of loading.
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2.5 Concluding remarks
This literature review identified material lilcely to be of relevance to the behaviour 
of the cement board under consideration. The mechanical behaviour described in chapters 
foiu* and five will be interpreted in the light of these studies.
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The composition and properties of ferrocement 
(after Shah and Balaguru, 1984).
Wire^mesh performance 
Wire diameter:
Type of mesh;
Size of mesh openings:
Number of mesh layers;
Fraction volume of reinforcement:
Specific surface of reinforcement:
Intermediate skeletal reinforcement (if used) Type:
Diameten
Grid size:
Typical mortar composition 
Portland cement:Sand-to-eemcnt ratio:Watcr-to-ccment ratio: Recommendations:
Composite properties Thickness:Steel covenUltimate tensile strength: Allowable tensile stress: Modulus of rupture: Compressive strength:
0.020<^ <0.062 in (0.5<^<l.Smm)Chicken wire or square woven- or wclded-wire galvanized mesh; expanded metal
i < m < l  in(6<m<25mm)
Up to 12 layers per in. of thickness (up to 5 layers per cm of thickness)Up to 8% In both directions corresponding to up to 40 pounds of steel per cubic foot of concrete (630kg/m*>Up to 10 tn^ An^  in both directions (up to 4 cm*/cm* in both directions)
Wires; wire fabri<^  rods; strands 
è^d<|in(3<d<10mm)
2<G<4ln  (S<G< 10cm)
Any type depending on application 1 <S/C<1S by weight 0.4 < W/C < 0.6 by weight Fine sand all passing UJS. sieve No. 8 and haying 5% by weight passing No. 100, 
with a wntinuous grading curve in between
< 2  in (6 < r  <  50 mm)< c < In (1.5 < c <  5 mm) Upto5000psi(34.5MPa) Uptol500psi(10.3MPa)Up to 8000psi (55.1 MPa)4000 to iOOOOpsi (27.6 to 68.9 MPa)
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U1
c mu
/ /
^  c mu
mu Strain
(a)
(b)
Stress/strain curve expected for multiple fracture 
Idealised for a matrix with constant failure strain 
For a matrix showing a strength/length variation 
(alter Aveston, Cooper and Kelly, 1971).
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50
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Aggregate 5000
Concrete 40001 3000
Cement paste
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1000
1000 2000 3000
Stress-strain relations for cement paste, aggregate and concrete 
(after Neville and Brooks, 1987).
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E xperim enta l
^  “ 't^ 3ev(V>2tA •ÇviM/v. ». K'»VA.€^ V-- VeW^t>Vl^\^
ctwA <Wô»t-W «^vclop^vt^r
deflection fiTO
Figure 2.3 Theoretical and experimental load-displacement curves for polypopylene 
reinforced cement (after Keer and Hannant, 1986).
plan plan
«action
(a)«quare welded wire me'sh
(c)h«xagonal wire mesh
section
(Ij)square woven wire mesh
<d)expanded metal lath
Figure 2.4 Different types of reinforcing materials used in ferrocement
(after Shah and Balaguru, 1984).
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s 2
post yield
number of cracks
_  first crack
multiple cracking
cross sectionaverage crack w idth
14.0 (iO -»m m ) 2Smm
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9'^ 'îÎ E S ]ISwires iji *=0.79mm 
V,«3.68 S -  1,88cm*/cm^ 
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17
49.5
150 mm
30
25
20
15
10 E
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240
200
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Stress-strain curve of fenocement in tension 
(after Shah and Balaguru, 1984).
20 22.5
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reinforcement: 6 layers of square woven mesh 
wire spacing = 12.7 mm 
wire diameter = 1.06 mm
pre-cracking stage
-  1200
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Figure 2.6 A typical load-displacement curve for a ferrocement beam 
(after Shall and Balaguiu, 1984).
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T
If
cress section strain diagram mortar
neutralaxis
reinforcement 
stress and force diagrams
Igure 2.7 Distribution of strains, stresses and forces - uncracked section of the beam
(after Shah and Balaguru, 1984).
cross section strain diagram
fm —
neutral axis
mortar reinforcement
s t r e s s  an d  fo rc e  d iag ram s
2.8 Distribution of strains, stresses and forces - cracked section of the beam 
(after Shah and Balaguru, 1984).
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3: Materials and Characterisation
3.1 lîitrodiictloïi
Two types of material are used for this study. One is a commercially available 
cement board, supplied by BPB Gypsum Ltd. and the other an experimental material 
produced for this project by BPB Gypsum Research and Development. Both materials 
have been examined using a variety of microscopy techniques with the intention of 
characterising their structure and providing information such as the volume fraction of 
glass, which will be essential for modelling the mechanical behaviour of the boards.
3.2 Supplied materiais
The commercial boards as supplied were 2.5 m long by 0.9 m wide and 12 mm 
thick. They consist of a cement core filled with expanded shale and have a glass fibre 
reinforcing mesh (known as a “crenette”) just below the top and bottom surfaces. The 
crenette consists of interleaved tows of glass fibres with a PVC coating. The spacmg of 
the coated tows is different in the two orthogonal directions. Along the length of the 
board, the tows are approximately 2 mm apart while across the width of the boar d, they 
are 1.5 mm apart. To prevent deterioration of the properties of the glass fibres in the 
Mghly allcali environment of the cement, the crenette is coated with polyvinyl-chloride 
prior to incorporation into the board. The cement board is manufactured by mixing wet 
expanded shale with dry cement powder and then casting the mixture, between the glass 
crenettes, into a mould.
In addition, four experimental boards were made by BPB Research and 
Development. These all have the same cement core as each other, but this is different 
from that of the commercial board. In three cases they have different crenettes and there 
is no crenette in the fourth. The production method for these boards differs from that 
used for the commercial board. The cement core is filled with expanded polystyrene 
beads and fine wood chips. Instead of casting the core mixture between the crenettes, 
one crenette is placed in the bottom of the mould, a thin layer of cement paste is spread
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over the crenette, then the core mixture is cast onto tliis. Finally, the top crenette is laid 
over the mixture. The three different crenettes used are manuActured from identical glass 
fibre tows. Two of these have a square geometry, with 3 and 4 coated tows per 
centimetre width of board (designated as BPB3x3 and BPB4x4 respectively) and the third 
has a rectangular geometry with 5 tows per centimetre in one direction and 4 tows per 
centimetre in the other (designated as BPB5x4).
3.3 Sample préparation and microscopy techniques
3.3.1 Sample preparation
Small pieces of the cement board were mounted in a cold setting epoxy resin 
(Epofix, Struers) using a vacuum impregnator (Epovac, Struers) with the intention that 
the pores in the sample would be filled to a sufiScient depth to allow a good polish to be 
obtained. Polishing was done using a Pedemax-2 specimen holder and a Planopol-2 
polishing wheel (both from Struers) using successively finer silicon carbide grit papers 
and finally a polishing cloth (DP DUR, Struers) with 6 pm diamond spray. The 
specimens were cleaned ultrasonically in water in-between polishing stages.
It was found that the cement board contained closed porosity, which the resin was 
unable to penetrate and that the resin had not penetrated the open porosity network to a 
sufficient depth to allow a good polish to be obtained. Further problems were caused by 
the diamonds from the final stage of polishing becoming trapped in the pores. Removal of 
the trapped diamonds by ultrasonic cleaning, even over extended periods of time proved 
to be impossible. In an attempt to remedy this situation, the final 6 pm diamond 
polishing stage was omitted. Also, once the specimen had been ground flat, it was 
returned to the Epovac and more resin was put into the pores to prevent destruction of 
the surfrice by pullout in the porous regions during subsequent polishing.
Later samples prepared by BPB using a thinner resin and applying a positive 
pressure after vacuum impregnation gave better results.
Samples for electron microscopy were mounted on stubs and gold coated using an 
Edwards S150B Sputter Coater. Silver paint was used to form a conducting path 
between the gold coated surface of the specimen and the mounting stub.
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3.3.2 Microscopy techniques
A variety of microscopes Avere used to examine the cement boar d sections. When 
examming sections of the board, best results were obtained using a Canon T70 camera 
fitted with a Vivatar macro lens as this gave a sufficiently large field of view. The fibre 
bimdles were examined using a Zeiss Axiophot optical microscope and a Hitachi S3200N 
variable pressure scanning electron microscope. The depth of field afforded by the 
scanning electron microscope was advantageous in identifying cracks in the cross sections 
of the board and distinduishing individual fibres in each tow, whilst the structure of the 
cement was best revealed under polarising light in the optical microscope.
3.4 Results of Mierostructiiral Studies
3.4.1 Board structure
The manufacturing process of the commercial boar d results in a board which has a 
smooth, undulating top surface -  with the surface profile of the board following the 
contours of the crenette. (figure 3.1 (a)). The bottom surface of the board, which was in 
contact with the mould during manufacture, has a patchy but flat surface, (figure 3.1 (b)). 
The crenette is wrapped ar ound the long edges of the board, leaving only the short edges 
unreinforced.
The difference between the top and bottom surfeces of the boar d is also evident 
when the cross section is examined (figure 3.2). Inwards from the top surfece of the 
board, there is a thin, dense layer of cement. Beneath this, there is a mixture of large 
expanded shale par ticles and cement which contains many voids. On the bottom of the 
board, there is a thicker dense layer consisting of cement and smaller expanded shale 
particles with a few small voids.
The thin layer of cement paste placed in the bottom of the mould during 
manufacture of the experimental board results in a very smooth, even bottom surfece to 
the board. In contrast to this, some of the wood chips are fine enough to pass through the 
crenette, giving the top surfece of the board a very rough appearance (figure 3.3). A 
cross section of the board is shown in figure 3.4.
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From figure 3.2, it can be seen that the microstructure of the cement core of the 
board exists on at least two distinct levels. There are large expanded shale aggregate 
particles of irregular- shape and up to 4 mm in diameter which are surrounded by a two 
phase mixture of small aggregate particles (up to 0.5 mm in diameter) and cement. The 
largest aggregate particles are concentrated towards the centre of the board, while the 
surfaces are more dense and have a higher proportion of the cement and small aggr egate 
mixture. This is particularly true for the bottom surfece of the board (adjacent to the 
scale in figure 3.2), which has a visibly higher density than the top surface. The top 
sm-face contains more voids and less cement than the bottom surface.
From figure 3.4 it can be seen that while the experimental boards produced by 
BPB also show microstructural foatmes on two distinct levels, there is no density gradient 
across the thiclmess of the board. In place of traditional aggregates, there are expanded 
polystyrene spheres approximately 3 mm m diameter and wood drips of irregular shape 
which are typically up to 2 mm in size. It can also be seen that the cement matrix does 
not contain any fine aggregate and has fewer voids than the commercial board.
3.4.2 Crenette
While it is possible to identify the crenette strands on the top surface of the board, 
the polish attained on the samples was not good enough to provide sufficient resolution to 
distinguish clearly the individual glass fibres fi-om the PVC coating at higher 
magnifications (figure 3.5).
While it was possible to identify both the PVC coating and the individual fibres 
using a scanning electron microscope in secondai-y electron mode (see figure 3.6 for the 
commercial board and figure 3.7 for the experimental board), the PVC coating had been 
smeared across the specimen during sectioning. This obscured some of the fibres fi-om 
view, although it was possible to estimate the diameter of the fibres as approximately 
9.5 |im for the commercial board and 10.5 pm for the experimental board.
A closer examination of the crenette tows from the experimental board reveals 
that all of the crenettes are made up fiom identical tows and each tow consists of 395 
individual fibres. Using an image of a diffraction grating to determine accurately the scale
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of the micrographs shows that each of the individual fibres are 10.53 pm in diameter. This 
means that the cross sectional area of glass in each of the tows is 3.43 x 10'® m^ .
3.5 Cement Properties
3.5.1 Experimental techniques
To be able to model the properties of the cement board in bending, it is necessary 
to loiow the properties of the cement in compression as well as tension, as the prescence 
of microcracldng causes the response of the material to an applied load to differ, 
depending on whether that load is tensile or compressive.
The compressive strength and modulus of the cement were measured using a test 
specimen 25 mm x 25 mm x 100mm, based on the British Standard requirements? As the 
board was supplied in sheets 12.5 mm thick, it was necessary to use two pieces of board, 
each 25 mm x 100mm, held together at the ends by aluminium end caps and constrained 
at the centre by cellulose tape, to resist bowing of the specimen under the applied load.
In order to ensure that the end faces of the specimen were parallel and 
perpendicular to the sides, a thin layer of rigid two-pack epoxy filler was applied between 
the sample and the end caps prior to the specimen being clamped lightly in a vice (see 
figure 3.8). Load was appHed to the specimen using a modified Instron universal testing 
macliine, (model 5500R) and displacement was recorded using an Instron extensometer 
(2.5 mm travel, 40 mm gauge length). This testing arrangement is shown in figure 3.9.
The crenette was left; in place on the compression specimens as it does not have a 
load sharing role until after the matrix has cracked, and the point of failure for a 
compression test is when a crack forms. This also eliminates the risk of damage being 
introduced by removing the crenette and causing premature failure of the specimen.
3.5.2 Compression Results
Results fi-om the compression tests are given in table 3.1, and a typical stress- 
strain curve is shown in figure 3.10. The Young’s modulus of the material is 7.63 GPa, 
and the figuie shows the classic non linearity of a microcracked cementitious material 
t  \feSr\ -  \T-\.
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when tested in compression. The strength of the commercial hoard in compression is 28.3 
MPa. The feet that all tests showed identical loading behaviour with no variation 
suggests that even load sharing took place between the two columns forming the test 
specimen as opposed to them acting individually
3,5.3 Ultrasonic Modulus
The dynamic elastic modulus (commonly referred to as the ultrasonic modulus) of 
a material can be calculated from the measurement of the pulse velocity of longitudinal 
ultrasonic vibrations travelling in an elastic solid, using the following equation:-
where Ed is the dynamic Elastic modulus, 5 is the dynamic Poisson’s ratio, p is the 
Density and v is the compressional pulse Velocity,
For concrete, ô is in the range 0.15 -  0.22 (Neville, 1995), so the product of the 
terms in brackets is close to unity, and the effect of ô can be neglected. Thus it is possible 
to determine Ed from a measurement of the time talcen to propagate a compressional pulse 
through the sample, loiown as the time of flight. This was measured using a ‘'Portable 
Ultrasonic Non-destructive Digital Indicating Tester (PUNDIT)” machine (C.N.S. 
Electronics.
Measurements of the time of flight were taken across the length, width and 
thiclmess of several samples and equation 3.1 was used to calculate the ultrasonic 
modulus of the cement. The results are given in table 3.2.
3.6.1 Experimental Technique
In addition to the experimental board supplied by BPB, samples of the crenette 
used for each of these boards were also supplied. These were used to determine the 
properties of the crenette, rather than attempting to remove the crenettes from the cement 
boards, which has the potential to cause severe damage thereby giving misleading results.
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As the crenettes from the commercial board were not available separately, these were not 
tested.
In order to measure the strength of an individual tow of fibres, tows were cut from 
the fabric, talcing care not to cause damage by unnecessary folding or rough handling. To 
facilitate gripping in the jaws of the testing machine, an epoxy end tag 5 mm in diameter 
and 40 mm in length was cast onto each end of the strand, using a two part epoxy resin 
and a brass mould coated liberally with both a release agent and a wax. Two such 
specimens are shown in figure 3.11. Gripping the specimen was further facilitated by 
using grip faces machined with a groove matching the end tag on the sample. This has the 
added advantage of ensuring alignment of the sample with the direction of the applied 
load.
3.6.2 Results
Load-extension curves for each of the crenettes (3x3, 4x4 and 5x4) are shown in 
figures 3.12-3.14, demonstrating that all of the crenettes show linear elastic behaviour to 
failure. The strength and modulus results are shown in table 3.3.
In order to calculate the Young’s modulus, the effect of macliine stifiSiess needs to 
be considered, as it was not possible to directly measure the extension due to the nature 
of the sample. To do this, a piece of thick steel was inserted into the grips of the testing 
machine and clamped with the grips lowered to the point of almost touching such that the 
steel has no effective gauge length. In this arrangement, any deflection can be attributed 
to the testing machine and load chain airangement. The load displacement curve obtained 
in this way is shown in figure 3.15. The deflection of the testing machine is subtiacted 
from the deflection of the specimen, measured at a load of 30 N and the resulting 
extension used to calculate the modulus of the specimen.
The results (47-49 GPa) are lower than the generally accepted value for glass 
fibres of approximately 70 GPa, however this is in agreement with the theory that the 
modulus of a dry bundle of fibres will be significantly lower than that of a bundle of fibres 
since all fibres do not participate equally in load sharing.
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3.7 Concluding Remarks
The boards have been examined in both the light and the scanning electron 
microscope. This has enabled a description of the major microstructural features, and the 
crenettes from each of the experimental boards have been characterised. The mechanical 
properties of the cement core and the crenette have also been measured.
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Table 3.1 Properties of the commercial board, as measured in compression.
Specimen Strength (MPa) Youngs Modulus (GPa)
1 28.3 7.86
2 25.4 5.46
3 27.5 9.35
4 31.7 7.85
Average 28.3 7.63
Table 3.2 The ultrasonic modulus of the cement core (GPa).
Specimen Length (100 ram) Width (70 mm) Thickness (12mm)
1 16.7 16.6 15.1
2 16.0 16.9 14.9
3 13.2 16.6 14.0
4 16.2 16.8 14.9
5 16.8 16.5 14.3
Average 16.4 16.7 14.6
3.3 Mechanical properties of the crenettes.
Crenette Strength Modulus
(GPa) (GPa)
3x3 1.33 47.37
4x4 1.78 46.34
5x4 1.64 49.23
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10 mm
Figure 3.1 Reflected light micrographs showing (a) the top surface of the commercial 
board and (b) the bottom surfece of the commercial board.
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Figure 3.2 Reflected light micrograph showing the cross section of the commercial
board.
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5 mm
5 mm
Figure 3.3 Reflected light micrographs showing (a) the top surfece of the 
experimental board and (b) the bottom surfece of the experimental board.
32
3: Materials and Characterisation
5 mm
Figure 3.4 Reflected light micrograph showing the cross section of the experimental
board.
100 um
Figure 3.5 Reflected light micrograph showing the cross section of a crenette strand
from the commercial board.
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100 um
Figure 3.6 Secondary electron photomicrograph showing the cross section of a 
crenette strand from the commercial board.
100 pm
Figure 3.7 Secondary electron photomicrograph showing the cross section of a 
crenette strand from the experimental board.
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Aluminium End Tag 
Epoxy Filler
Sample
V ic e _
Figure 3.8 Schematic diagram of the assembly of a compression test specimen.
Figure 3.9 Photograph of the compression testing arrangement.
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Figure 3.10 A typical stress-strain curve for the commercial board showing the non- 
linearity of cement when tested in compression as a result of microcracking.
%
m  .. t
Figure 3.11 Crenette tows ready for testing with epoxy end tags.
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Figure 3.12 Load -  extension curves for the crenette tows from BPB 3x3.
Crenette 4x4
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Figure 3.13 Load -  extension curves for the crenette tows from BPB 4x4.
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Crenette 5x4
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Figure 3.14 Load -  extension curves for the crenette tows from BPB 5x4.
Machine stiffness Detennination
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Figure 3.15 Load -  extension plot from the machine stiffiiess determination.
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4.1 Introducdom
A variety of flexiu*e tests were performed on samples of the commercially available 
board. These included samples with different crenette orientations, aber removal of the 
crenette, with the top and bottom surface of the board in tension, after drying in an oven 
and after immersion in water.
Only the commercial board was tested in bending due to the limited availability of 
the experimental board. There was insufficient material to conduct both tensile and 
bending tests on the experimental board, so the bend tests were omitted since tensile 
results are potentially more usefiil in terms of providing data for modelling purposes.
4.2 Experlmeiitei Technique
4.2.1 Sample Preparation
Due to the size and weight of the boards, handling proved to be very difficult. 
Also, as the cement core is brittle, extensive damage could be caused merely by lifting the 
boards. Fortunately, this damage (through thicloiess cracks in the cement core) was easily 
identified as the crenette debonded ft-om the core surface for a small distance either side 
of the crack, making the cracks visible to the naked eye.
The commercial boards were cut into pieces of a more manageable size 
(approximately 620 mm by 450 mm). Although handling the full size boards during 
cutting caused a great deal of damage, resulting in a wastage rate greater than 50%, once 
the damage firee pieces had been identified, no further damage was caused during cutting 
and handling of these smaller sections.
The initial cutting of the fidl size boards into more manageable pieces was done 
using a Jencon Scientific “Tyslide”, a table mounted saw fitted with a water cooled 1 mm 
thick diamond impregnated cutting wheel. Specimens were cut fiom the smaller board 
sections using a high speed Diamant Boart sliding bed cutting machine, fitted with a water
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cooled 250 mm diameter continuous rim brass bonded cutting wheel impregnated with 
200 pm diamonds.
The size of the bend test specimens was determined by the need to minimise edge 
effects and to reduce the contribution of shear stresses in the beam to failure. To 
minirnise edge effects, the specimen width was chosen to be at least four times the 
thickness (48 mm). To reduce the contribution to feilui’e of shear, it is necessary for the 
length : width ratio to be above a threshold value, which is specific to each material. In 
order to determine the necessary aspect ratio, specimens with aspect ratios of 5:1. 10:1, 
20:1 and 30:1 were tested. The procedures for determining the properties of glass fibre 
reinforced cement material are given in British Standard 6432. In order to comply with 
this standard, the specimens were made to a width of 50 mm.
The variation of the boar d strength and Yoimg’s modulus with aspect ratio ar e 
shown in figures 4.1 and 4.2 respectively. In these figures, ‘top up’ and ‘0-90’ refer to 
the surface of the board which is in tension and the orientation of the crenette 
respectively. The modulus was calculated from a tangent drawn to the load -  
displacement curve, beyond the region in which talce up in the loading arrangement has a 
significant effect. From this, an aspect ratio of 30:1 was chosen, giving a major span of 
360 mm and a minor span of 120 mm. These values are in excess of those required by the 
standard (see table 4.1).
4.2.2 Bend Testing
The specimens were tested in four point bending, loaded at the third points with a 
crosshead speed of 1 mm/min. Tests were performed on an Instron universal testing 
machine, model 1195. Due to the large size of the specimens, it was necessary to use a 
custom huilt bend rig which was mounted at 90° to the crosshead (figure 4.3). The test 
geometry is shown in figure 4.4.
The size and weight of the bend rig made the use of guide posts, commonly found 
on similar apparatus to ensure alignment of the specimen with the rig, impractical. To 
ensure correct alignment, the positions of the rollers were marked on the sample to 
provide longitudinal alignment, the distance from each side of the specimen to the edge of
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the roller was checked to give lateral alignment and a spirit level was used to ensure that 
the top and bottom parts of the rig were in the same vertical plane.
Bend tests were carried out on samples of the commercially available board with 
the crenette oriented along the long axis of the sample, along the short axis of the sample 
and at 45° to the long axis of the sample (referred to as 0:90, 90:0 and ±45°), after 
removal of the crenette, with either the top or the bottom surfoce of the board in tension, 
after drying in an oven (at 40°C until constant weight) and after immersion in water for 4 
hours and 24 hours.
4.3.1 Load-displacement behaviour
A typical load-displacement curve is shown in figure 4.5. It is clear that this takes 
the same general form as the curve predicted for a brittle matrix composite undergoing 
multiple matrix cracking, illustrated in figure 2.1. The board specimen exhibits linear 
elastic behaviour up to the point where the failure strain of the matrix is reached. This is 
the onset of multiple matrix cracking. At the site of the crack, the load on the specimen is 
carried only by the fibres in the crenette which experience increased strain under this 
additional load. The load is transferred back into the matrix either side of the crack over a 
distance wliich is determined by the shear strength of the inter&ce between the crenette 
and the matrix. Further matrix cracking does not occur at a constant applied stress, as 
suggested in the simplest interpretation of ACIC theoiy (1971); an increase in the applied 
stress is necessary for further matrix cracldng. This suggests that the cement core shows 
a strength/length variation rather than possessing a single, well-defined strength. Beyond 
the multiple matrix cracldng regime, the load displacement curve exhibits a second linear 
region. Following the classical arguments, it is possible that the matrix blocks aie too 
short to talce any fiirther load and so the tensile properties of the specimen ai e determined 
by the crenette. Failure occurs when the crenette can no longer sustain the load on the 
specimen. The specimens which were tested after removal of the crenette show a linear 
elastic load-displacement curve, i.e. they foil at the formation of the first matrix crack.
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Observation of the tensile surface of the specimen during the test reveals that the 
crenette becomes debonded from the cement core almost entirely over the area between 
the points of application of the load (frguie 4.6). Along the line of failure, the PVC 
coating on the crenette ruptures following the path of the crack thi ough the cement core. 
However, the glass fibre tows do not follow this path. Instead fractuie of the individual 
fibres occurs over some distance either side of the crack. This results in pull-out of the 
fibres, as can be seen in figure 4.7.
4.3.2 Analysis of the load-displacement curve
The load on the specimen at failui’e (Pmax), the load at which the cement core 
cracks (P*) (sometimes referred to as the limit of proportionality, LOP, by other workers) 
and the slope of the initial linear region of the load displacement curve can be used to 
calculate the bend strength of the cement board (Omax), the bend strength of the cement 
core (Ocement) and the Young’s modulus of the boaid (Eboard) respectively. Analysis is 
based on simple beam theory, so it is necessary to assume that the specimen is 
homogeneous and behaves elastically throughout. It should also be noted that simple 
beam theory is only applicable for small deflections. Whilst these assumptions aie valid 
up to the load at which the cement core cracks, it can be seen from figure 4.5 that at Pmax, 
the deflection of the specimen is considerable.
From simple beam theory (e.g. Case et al, 1993)
4.1
y ~  I  ~ R
where a  is the stress at a distance y from the neuti al axis of the beam, M is the bending 
moment, I the second moment of area, E is the Young’s modulus and R is the cuivature 
of the beam.
Re-arranging equation 4.1 gives
My 4.2cr =  ——
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Considering the geometry of the beam (see figure 4.4),and substituting for M (=PL/6), I 
(=bd^/12) and y (-d/2) gives the maximum stress as:
PL 4.3
CF
So that at foilure
bd'^
The Young’s modulus of the cement board is calculated fi'om the slope of the load- 
deflection curve. Beam theory can be used to calculate the deflected shape as follows.
The displacement at any point v is related to the bending moment according to:
dx
where v is the displacement of the beam at a distance x along the length (see figure 4.8) 
Taking moments about the right hand end of the beam,
F P i X P i n \ 4.6M =—x - —{ x - a } - — {x-2a]
Combining equations 4.5 and 4.6 gives
„jd^v _  P P i  \ , P t  4.7E l  “— — —------ X  4— “  jx  — £? f4—  \x  — 2r?(dx  ^ 2 2  ^  ^ 2  ^ ^
Using McCauley’s theorem
E i ^ ^ - P ^ ^ P - { x - a f ^ —{ x -2 a f+ A  dx 4 4  ^  ^ 4  ^ ^
+  + “ {x“ 2 a f + 4 x  + 512 12^  ^ 12^ ^
Wlien x=0, v=0 and when the terms in curly brackets aie negative, they are talcen to be
zero such that B-0
When x=L, v-0, so
A L='~{3aÉ-3La^)
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A = j{ a L -a ^ )
This gives
EIv = —
4.12
4.13
For the displacement at the point of loading, v=ôp, x=a, so
(aL-a^)
EIS,= -4Pa^+3Pa^L12
E ^ J  = ^ { 3 L - 4 a )12&
4.14
4.15
4.16
It is also possible to calculate the Young’s modulus of the cement core of the board. This 
is based on analysis of the “equivalent all cement beam”. An extra area of cement is 
added to the cross section of the beam to account for the load talcen by the glass. This is 
illustrated in figure 4.9.
The second moment of area of the equivalent all cement beam is then given by
e^cb — w -12 + 2(/w — ])A„d
2g' s^
Substituting this into equation 4.16
bd^
12
2
g'~g 125. -cP'i^ L — 4ûf)
Given that m=Egiass/Ecements re-arranging for Element gives
P (  2 (32-4 a )
E = —c^ement
a 12
^ bd^
12
4.17
4.18
4.19
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The cement core cracks when P=P . Substituting M=Pa/2, y=d/2 and equation 4.17 into 
equation 4.2 gives
P'ad 1 4.20'
+ 212 cement /
Equations 4.4, 4.16, 4.19 and 4.20 enable the bend strength of the composite, the 
Young’s modulus of the composite, the Young’s modulus of the cement core and the 
bend strength of the cement to be calculated.
The results from these calculations are presented as bar charts showing the mean 
value for all the specimens tested together with the standard deviation. Both the tangent 
and secant moduli (determined at the load at which the cement core cracked) were 
deteimined, since some of the specimens showed a sHght deviation from linearity before 
the onset of matrix cracldng. Figure 4.10 shows the composite moduli, figure 4.11 shows 
the bend strength of the composite, figure 4.12 shows the cement moduli and figure 4.13 
shows the cement bend strength.
4o4 Discussion
4.4.1 Variation of Properties with Crenette Orientation
4.4.1.1 Young’s Modulus of Composite
From figuies 4.10 a and b, it can be seen that the tangent method for calculating 
the composite modulus gives consistently higher results than the secant method. Within 
the spread of the results, there is no variation in the composite modulus with varying 
crenette orientation, or with the top or bottom surface of the board in tension. This 
suggests that the Young’s modulus of the composite is determined by the properties of 
the cement core and the glass fibre crenette has very little or no influence upon it.
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4.4.1.2 Bend Strength of Composite
The variation of the bend strength of the composite (shown in figure 4.11) 
suggests that the strength of the cement board is strongly dependent on the strength of the 
crenette. The difference in strength when the top or bottom surface of the board (on 
which the crenettes are identical, but the surface finish is different) is not significant in 
comparison with the variability of the results. In contrast to this, when the crenette is in 
the 0-90 orientation, there is a marked increase in strength compared with the 90-0 
orientation. The crenette has more tows of fibres irmning in the 0- direction than the 90- 
direction, implying that it will have a higher strength when loaded in the 0-90 direction, as 
is demonstrated by these results. As would be expected, the strength of the specimens 
tested after removal of the crenette is much lower than when a crenette is present.
4.4.1.3 Young’s Modulus o f Cement Core
As can be seen in figures 4.12 a and b, the tangent method for calculating the 
cement core modulus also gives consistently higher results than the secant method. 
Within the spread of the results, there is no variation of the Young’s modulus of the 
cement core material with varying crenette orientation, although the modulus of the 
cement core is consistently lower than that of the composite. This may suggest that 
despite the fibres being present in such a low volume fraction, they still have a beneficial 
effect in increasing the stiffness of the board, this may be due to the inapplicability of 
simple beam theory to this material since the calculated values of the cement core with 
and without the crenette present are not significantly different.
4.4.1.4 Bend Strength o f Cement Core
The bend strength of the cement core shows little variation with crenette 
orientation (see figure 4.13), although the presence of the crenette does increase the 
strength in comparison with the specimens tested with no crenette. This could be due to 
the fibres having a constraining effect on crack growth through the cement core and
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suggests that there is a threshold volume fraction of glass fibres above which there is a 
beneficial effect, rather than the strength increasing as the volume fraction of glass 
increases.
4.4.2 Variation of Properties with Test Environment
The Young’s moduli of both the composite and the cement core material are 
higher for boards which were soalced in water prior to testing than for those which were 
dried in an oven, although the variability of these results is high and similar to the 
difference between the results. Hie bend strength of the cement also shows an increase 
when tested wet. However, that of the con^osite is higher for the dry samples, being 
higher than those tested without any environmental conditioning.
Of the samples which were tested after immersion in water, those which were 
soalced for longest (24 h as opposed to 4 h) showed a slight reduction in strength, 
although the difference was small and the results overlapped. This may be due to 
degradation of the glass fibres in the aqueous environment, if the PVC coating is 
permeable.
4.4.3 Statistical Analysis of Cement Core Strength
Since cement is a brittle material and fails by the catastrophic propagation of a 
single flaw, it is reasonable to assume that the bend strength of the cement core will 
follow a WeibuU distribution (although this may not be strictly true since the aggregate 
particles may provide a degree of mechanical interlocldng between the crack faces, which 
is not in keeping with the “wealc linlc” theory on which Weibull statistics are based). A 
Weibull plot for the bend strength of the cement core is given in figur e 4.14.
The data points show a series of distinct steps, suggesting that there may be 
several possible families of flaw size from which failui-e may originate. A linear regression 
gives a WeibuU modulus of 5.7. This is at the low extreme of the values expected for a 
ceramic (generally between 5 and 20), typical of materials such as chaUc. Given the nature 
of the microstructure of the cement board and the ease with which it is damaged during 
handling, this seems reasonable. The characteristic strength of the cement board can be 
% of- *4W ûzyiAJ3^\.
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obtained from this line; it is the stress at which 37% of the samples will survive and is 
2.84 MPa.
4.4.4 Calculation of flaw sizes
It is unclear as to whether a linear elastic fr acture mechanics (LEFM) approach to 
calculating fracture toughness is applicable to materials such as concrete (Shah, 1990), 
however, a value of 883 psi kP (equal to 0.98 MPa m"^ ) was quoted. Using this and the 
stresses taken from the steps in figure 4.14, the critical flaw size for each step can be 
calculated using
^IC  ^cement yj^^crit ^
where IQc is the fracture toughness of the cement, acement is the bend strength of the 
cement and acnt is the critical flaw size. This gives critical flaw sizes of between 3 and 5 
cm, cleaiiy greater than the thickness of the board, suggesting that either the Weibull 
analysis is inappropriate for this material or the quoted value of fracture toughness is 
unrealistic.
If failure of the board is assumed to originate fr om one of the large aggregates 
(approximately 4 mm in diameter) at the characteristic strength of the board, then the 
fractuie toughness can be calculated. This gives a value of IQc of 0.3 MPa m  ^, which 
although low, is not unrealistic considering the extremely brittle nature of the boards.
4.5 Coiseliidliig Remarks
A bend rig suitable for testing specimens up to 0.5 m in length and 70 mm in width 
in thiee or four point bending has been designed and built, and a methodology for 
producing damage free specimens has been determined.
The load-displacement curves for specimens with different crenette orientations 
and tests performed in different environments have been determined. From these curves, 
the bend strength and stiffiiess of the cement board has been deteimined and the bend 
strength and stiffiiess of the cement core was calculated. It was shown that the stiffiiess 
of the board is dependant solely on the properties of the cement core, but strength is 
dependant largely on the properties of the crenette.
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Table 4,1 Major and minor span lengths for various specimen thicknesses (from BS
6432).
Nominal Specimen Thicloiess Major Span Minor Span
(mm) (mm) (mm)
Up to 6.7 135 45
6.8 to 10.0 200 66.7
10.1 to 12.5 250 83.3
12.6 to 15.0 300 100
15.1 to 17.5 350 116.6
17.6 to 20.0 400 133.5
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Figure 4.1 Variation of board strength with aspect ratio.
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Figure 4.2 Variation of Young’s modulus of board with aspect ratio.
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Figure 4.3 The bend testing arrangement, with the bend rig at 90° to the crosshead in
order to accommodate its length.
Sample
Test rig
P/2 P/2
\ 7  a s z  a
p /2 P/2
Figure 4.4 Schematic diagrams of the sample and test geometry used.
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1
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Displaoemeiitiiian)
Figure 4.5 A typical load displacement curve, showing multiple matrix cracking 
(indicated by arrows) followed by a linear region before failure.
4 1
Figure 4.6 Debonding of the crenette on the tensile surfece of the specimen.
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Figure 4.7 Pull-out of fibres at the fi-acture surface.
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l-2a
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Figure 4.8 Analysis of the beam used to calculate Yoimg’s modulus.
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Figure 4.9 The equivalent all cement beam.
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(a) Composite Tangent Modulus
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Figure 4.10 (a) Composite tangent modulus
(b) Composite secant modulus.
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Figure 4.11 Composite bend strength.
56
4: Flexure Testing o f Cement Boards
Cement Tangent Modulus
% 5.00
Orientation
Cement Secant Modulus
2  4.00
Orientation
Figure 4.12 (a) Cement core tangent modulus
(b) Cement core secant modulus.
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Figure 4.13 Cement core bend strength. 
Weibull plot of Cement Cracking Stress
y = 5.7035X - 84.762 
-  R^  = 0.9126
>  14.1
1 .1  -
1Î.114.914.2 14.3 14.4 14.5 14.6 14.7
cc
-2
-3
In(stress)
Figure 4.14 Weibull plot of cement cracking stress.
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5o Tensile Tests
5.1 Introduction
Tensile tests were performed on samples of the commercially available board and 
the experimental boards. Testing of the experimental boards was intended to asses the 
effect of the crenette on the properties of the board as the experimental boards all have 
the same core but different crenettes. Testing of the commercial board will allow a 
comparison of the properties as measured in bending and tension. Flexure testing is the 
technique prefeiTcd by industry, but flexure data is less appropriate for use in modelling 
applications.
5.2 Experimental Technique
5.2.1 Sample Preparation
The boards were cut as described in the previous chapter. For the tensile test 
specimens, a width of 50 mm was chosen as this was consistent with the bend test 
specimens and was also the maximum width which could be accommodated by the test 
machine grips. The thickness of the board necessitated the use of side clamping giips 
rather than conventional self tightening grips, but there were no problems with slippage 
due to the comparatively low failure loads. To prevent damage to the specimen from the 
grips and to ensure even stress transfer, aluminium end tags of the same dimensions as the 
giip faces (50 mm x 50 mm) were used. These were bonded to the specimens using 
Araldite Professional adhesive (a two pack epoxy resin, with a curing time of 16 hours). 
In order to prevent failure in the region close to the grips, the ratio of the gauge length : 
end tag length should be 5 : 1. This gives a gauge length o f250 mm and a total specimen 
length of 350mm. Towar ds the end of this study, a shortage of material forced a smaller 
sample size to be adopted. The modulus measurements made using an extensometer were 
done on samples 175 mm x 25mm, with 25 mm x 25 mm end tags, giving a gauge length 
of 125 mm and maintaining the gauge length : end tag length ratio of 5 : 1.
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5.2.2 Tensile Tests
Tensile tests were performed on an Instron universal testing machine, model 
5500R (a model 1175 loading frame upgraded to allow computer control) using Merlin 
software. A crosshead speed of 0.2 mm/minute was used to give a time to failure of 
approximately 30 minutes, comparable to the time to failure for the bend tests.
5.2.3 Machine Stiffiiess
When measuring the modulus of stiff materials from tensile tests, the stiffiiess of 
the testing machine can have a significant effect on the results obtained since the 
extensions involved are generally small. This must be considered when interpreting the 
results presented in this chapter.
It is possible to compensate for the effect of the machine stiffiiess by selecting a 
test sample that will show no appreciable extension up to the elastic limit of the material 
of which the modulus is to be measured. If such a sample is tested up to this load, then 
any extension can be attributed to the testing machine and subtracted from the load - 
extension curve of the material under investigation.
The need to compensate for machine stiffiiess can be eliminated if the extension is 
measured directly from the specimen by using a strain gauge or extensometer rather than 
using the crosshead. This was not possible in the earlier pait of tliis work because of 
concern about possible damage to the extensometer from the visibly large increase 
displacement associated with the formation of each new crack.
5.2.4 Modulus Measurement
To determine accurately the Young’s modulus of the samples, an Instron 
extensometer was used to measure the displacement. For the larger samples, a 150 mm 
gauge length, ± 5 mm travel extensometer was used. For the smaller samples, a 75 mm 
gauge length, ± 2.5 mm travel extensometer was used. Initially a lot of problems were 
caused by the knife edges of the extensometer slipping against the surface of the sample 
during the test. Also the rubber bands used to secure the knife edges were prone to
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snapping. In order to overcome these problems, the crosshead speed was reduced to 0.02 
mm/min and loiife edges slightly wider than the sample were made to minimise contact 
between the rubber band and the sharp edges of the sample. It was found that neoprene o 
-  ring seals gave the best performance for clamping the extensometer to the sample.
The sample was loaded and unloaded 10 times, to 500 N for the large samples and 
250 N for the small samples. This gave a good stress-strain curve, but the load is 
sufficiently low enough to minimise the risk of fiuther crack formation. The Young’s 
modulus was calculated using the stress and strain at the peak of the tenth loading cycle. 
This is analogous to the secant modulus obtained from the bend test results.
After the initial modulus had been measured, the sample was loaded to cause 
cracldng to occur. Once a crack had formed within the extensometer gauge length, the 
crosshead was returned to the start position and the sample was once again loaded and 
unloaded repeatedly to obtain a modulus measurement. This process was repeated until 
the sample was saturated with cracks.
The length of the region in which the crenette debonds from the cement associated 
with each crack was measured with the aid of vernier callipers and a magnifying glass.
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5.3.1 Mechanical properties of commercial Board
The load-extension curves for the commercial board samples (designated 
CMB0:90) are shown in figure 5.1. A typical stress-strain curve is shown m figure 5.2. 
The modulus reduction with increasing crack density is shown in figure 5.3.
Initially, the behaviour of the material is linear elastic, up to the point where the 
failure strain of the matrix is reached and the matrix cracks. Cracking was obvious from 
visual observation of the test and it was clearly visible that the cracks ran through 
thickness across the width of the sample. Multiple matrix cracking occurs beyond this 
point up until failure, when both crenettes fail simultaneously. There was no second linear 
region after the matrix cracking stage. Two anomalies are apparent on the graph. On the 
curve for specimen 3, there is an abnormally lar ge amount of take up, arising fr om slack in 
the gripping arrangement. Specimen 6 shows apparently premature failure at a low load.
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Only one of the crenettes failed and there was very little load talcen by the surviving 
crenette, so the test was stopped.
Observation of the surface of the specimen reveals that in contrast to bend testing, 
debonding of the crenette from the cement core occurs only in the region adjacent to the 
matrix cracks, not over the whole length of the specimen. This is illustrated in figure 
(which should be compared to figure 4.6).
The cement core cracking stress, peak stress and Young’s modulus are given in 
table 5.1, with the mean for all of the specimens and the standard deviation. Results from 
the anomalous specimens are not included.
5.3.2 Experimental Board
The load-extension curves for the experimental board samples, designated 
BPB3x3, BPB4x4 and BPB5x4, are shown in figures 5.5 - 5.7 respectively. Typical 
stress-strain curves for BPB3x3, BPB4x4 and BPB5x4 are shown in figures 5.9-5.11 
respectively. The modulus reduction with increasing crack density for all three of the 
experimental boards is shown in figure 5.12.
As with the commercial board, the samples show linear' elastic behaviour up to the 
foüure strain of the cement core, when multiple matrix cracldng begins. BPB3x3 and 
BPB4x4 fail during the matrix cracking stage, with no second linear region whereas 
BPB5x4 shows a second linear region after matrix cracking. Failure occurred in both 
crenettes simultaneously. There are only three specimens tor BPB3x3 due to variation of 
the thickness of the board (and possibly the glue line underneath the end tag), which 
meant that it was not possible to grip one of the specimens. Specimen 2 was damaged 
during insertion into the grips, resulting in the anomalous behaviour of this specimen. 
BPB4x4 specimen 3 failed at one crenette only, however, the pealc stress attained was 
comparable to the other tests in which both crenettes failed. BPB5x4 specimen 1 does 
not show a clearly defined end to the initial linear region. Instead, there is a giadual 
reduction in slope of the curve before the fiirst cracldng event. This suggests that 
although not pre-cracked (as there is no reduction in slope of the initial linear region), 
there was some degree of damage present in the specimen prior to testing.
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Unlilce the commercial board, visible debonding of the crenette from the cement 
core did not occur in any region of the specimen.
The cement core cracking stress, pealc stress and Young’s modulus for BPB3x3, 
4x4 and 5x4, together with the mean for all the specimens and the standard deviation are 
given in tables 5.2-5.4 respectively.
5o4 BIsciBSsloffi
5.4.1 Effect of Crenette on Board Properties
In order to aid the compaiison of the properties of the boards, the mean results for 
each of the samples are presented in table 5.5 and the load-extension curves aie plotted 
together on the same axis in frguie 5.8.
The small volume fraction of glass present in all of the boards suggests that any 
change in the properties of the boaid (cement core cracking stress and Young’s modulus) 
with glass content will be small, since these are dominated by the properties of the cement 
core. The largest changes are to be expected in properties which are controlled by the 
crenette, i.e. the peak stress sustained by the board.
The results show that as the tow spacing of the crenette decreases (and the 
volume fraction of glass in the composite increases), the mechanical properties of the 
board are improved, with an increase in the cement core cracking stress and the peak 
stress. Examination of the first linear region of the load-displacement curves in figure 5.8 
suggests that there is little difference in the Young’s modulus of the boai’ds with different 
crenettes. The standard deviation in the measured modulus values for each of the 
experimental boards is too great for the results to be conclusive.
The most significant change occurs in the pealc stress sustained by the board, but 
the increase does not follow the trend of the glass content. In increasing the glass content 
fr om 3 to 4 tows per centimetre of crenette, the mean pealc stress shows a small increase 
from 1.15 MPa to 1.39 MPa. However, on further increase in the glass content to 5 tows 
per centimetre width, the mean pealc stress more than doubles to 2.96 MPa. This 
suggests a change in the mechanism by which the board fails. Observation of figm*e 5.8 
suggests that boards with 3 and 4 tows per centimetre fail before the cement core is
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saturated with cracks, with failure initiating from a matrix cracldng event whereas for the 
board with 5 tows per centimetre, the cement core becomes satmated with cracks and so 
has no further influence on the properties of the board. This results in the second linear 
region on the graph where the properties of the board are determined by the crenette and 
failure occurs when the glass reaches its failur e strain.
Unfortunately, the crenette with 5 tows per centimetre width does not have the 
same geometry as those with 3 and 4 tows per centimetre width (it has a rectangular- 
mesh, the other two are square). This malces it impossible to conclude whether the 
change in behaviour is solely due to the increase in glass content or change in geometry, 
or a combination of both.
5.4.2 Effect of Damage
The decrease in the Young's modulus of the composite with increasing crack 
density can be interpreted using classical composites theory by considering the cracked 
cement board as a composite of cracked and un-cracked material. The Young's modulus 
of such a material is described by the Reuss model:
F V 5.1^Composite ^  _  y j
F Ff^ibres m^atrix
where f  is the volume fraction of fibres. Applying equation 5.1 to the cracked cement 
board, it is assumed that the modulus of the un-cracked material is the initial, damage fl ee 
modulus of the board and that the modulus of the cracked region is that of the crenette, 
normalised to the board area. It is also assumed that the cracked region extends over the 
debond length associated with each crack. This gives the reduced modulus of the 
damaged board as:
:>RetAvc’e</ 100 5.2EBoa,-d 1 0 0 - / ^  I ,
Epaard
Where b is the debond length in a gauge length of 100 mm and
A,A = • ^Crenette■^Board
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A comparison between the reduced modulus predicted by equation 5.2 and the measured 
values for the commercial board is given in figure 5.D and for the experimental boards, 
BPB3x3, BPB4x4 and BPB5x4 in figures 5.1^ -  5.16 respectively. As can be seen from 
the figures, the predicted reduced modulus values are in good agreement with the 
measured values. "*1^  ^ ^wwva. oÇ ^ ^  ^  ^  j
5.4.3 Comparison of properties measured from tensile and bend tests
A comparison of the commercial board properties as measured in tension and in 
bending is given in table 5.6. From this it can be seen that both the cracking stress and 
pealc stress are lower when measured in tension rather than in bending, as would be 
expected from the volume effect, and the ratio of peak tensile strength to modulus of 
rupture is 1:3 for both the cracking stress and the peak stress, as stated by Majumdar and 
Laws (1983).
The Young’s modulus measured in tension and in bending are the same to within 
the standard deviation of each of the results.
5.5 (jonchmdHqgl&emarks
Tensile testing of the commercial and experimental boards has been undertalcen. 
It would appear that the nature of the crenette is important in determining the onset of 
matrix cracking and the ultimate tensile strength, but has little effect on the Young’s 
modulus in the experimental boards. In particular', the rectangular* mesh crenette behaves 
differently from the two square meshes with lower numbers of tows per centimetre.
The reduction in Yoimg’s modulus of the board with increasing damage was 
studied and found to be well described by classical composites theory.
A comparison between the results from the flexure tests and tensile tests shows 
good agreement.
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Table 5.1 Results for commercial board.
Specimen First Cracldng 
Stress
Pealc Stress 
MPa
Specimen Young’s
Modulus
GPa
CMB0:90_2 1.18 2.99 CMB0:90_24 7.28
CMB0:90_3 1.93 3.09 CMB0;90_25 17.40
CMB0:90_4 0.86 2.89 CMBO:90_26 9.51
CMB0:90_5 0.95 3.01 CMB0:90_27 8.27
CMB0:90_6 1.91
Mean 1.37 3.00 10.62
Standard
Deviation
0.52 0.08 4.61
Table 5.2 Results for experimental board, BPB3x3.
Specimen
BPB3x3_l
First Cracking 
Stress 
MPa 
0.60
Pealc Str ess 
MPa
1.13
Specimen
BPB3x3_5
Young’s
Modulus
GPa
3.96
BPB3x3_2 BPB3x3_7 2.65
BPB3x3_3 0.44 1.17 BPB3x3_8 5.17
Mean 0.52 1.15 3.84
Standard 0.11 0.03 1.27
Deviation
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53  Results for experimental board, BPB4x4.
Specimen Fir st Cracking Peak Stress Specimen Young’s
Stress MPa Modulus
MPa GPa
BPB4x4_l 0.51 1.56 BPB4x4_5 12.48
BPB4x4_2 0.86 156 BPB4x4_7 7.00
BPB4x4_3 0.54 1.03 BPB4x4_8 635
BPB4x4_4 0.60 1.40
Mean 0.63 1.39 8.61
Standard 0.16 0.25 3.37
Deviation
Table 5.4 Results for experimental board, BPB5x4.
Specimen First Cracking Pealc Stress Specimen Young’s
Stress Modulus
MPa GPa
BPB5x4_l 3.11 BPB5x4_5 2.63
BPB5x4_2 0.87 3.06 BPB5x4_7 3.02
BPB5x4_3 0.96 2.99 BPB5x4_8 3.11
BPB5x4_4 0.63 2.69
Mean 0.82 2.96 2.92
Standard 0.17 0.19 0.26
Deviation
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5.5 Comparison of results for all experimental boards.
Sample Mean First Cracldng Mean Peak Stress Mean Young’s
Stress Modulus
MPa GPa
BPB3x3 0.52(0.11) 1.15(0.03) 3.84(1.27)
BPB4x4 0.63 (0.16) 1.39 (0.25) 8.61 (3.37)
BPB5x4 0.82(0.17) 2.96 (0.19) 2.92 (0.26)
(standard deviation in brackets)
Table 5.6 Comparison commercial board results measur ed in bending and in tension.
Property Bend Test Tensile Test
Young’s Modulus (GPa) 8.57 (2.40) 10.62 (4.61)
Cement cracking stress (MPa) 3 (2.8) 1.3 (0.5)
Peak stress (MPa) 9 (0.8) 3.0 (0.8)
(standard deviation in brackets)
5: Tensile Tests
1
2500
2000
1500
1000
Specimen 2 
Specimen 3 
Specimen 4 
Specimen 5 
Specimen 6
500 -
3 4Extension (mm)
Figure 5.1 Load-extension curves for the commercial board.
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Figure 5.2 A typical stress-strain curve for the commercial board.
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Figure 5.3 Modulus reduction with increasing crack density, commercial board.
Figure 5.4 Debonding of the crenette during a tensile test.
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Figure 5.5 Load-extension curves for the experimental board BPB3x3.
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Figure 5.6 Load-extension curves for the experimental board BPB4x4.
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Figure 5.7 Load-extension curves for the experimental board BPB5x4.
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Figure 5.8 Load-extension curves for each of the experimental boards.
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Figure 5.9 A typical stress-strain curve for the experimental board BPB3x3.
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Figure 5.10 A typical stress-strain curve for the experimental board BPB4x4.
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Figure 5.11 A typical stress-strain curve for the experimental board BPB5x4.
14
12
10
♦  BPB5x4 
■ BPB4X4 
BPB3X3
10 15 20 25
1/2s 30 35 40 45
Figure 5.12 Modulus reduction with increasing crack density, experimental boards.
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Figure 5.13 Modulus reduction with increasing crack density, commercial board,
comparison with predicted values.
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Figure 5.14 Modulus reduction with increasing crack density, experimental board 
BPB3x3, comparison with predicted values.
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Figure 5.15 Modulus reduction with increasing crack density, experimental board 
BPB4x4, comparison with predicted values.
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Figure 5.16 Modulus reduction with increasing crack density, experimental board 
BPB5x4, comparison with predicted values.
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6. Concluding Remarks
6.1 Conclusions from current work
The microstructure and mechanical properties of a commercially available cement 
board and several experimental boards have been studied. The manner in which the 
boards fail in flexure and compression has been studied and the degradation in Young’s 
modulus with increasing damage during tensile tests has been characterised.
The boards were examined using both reflected light microscopy and scanning 
electron microscopy. This enabled a description of the major microstructural features of 
the boards and the characterisation of the crenettes from the experimental board. The 
mechanical properties of the constituent parts of the board were measured. The cement 
core was tested in compression. The average compressive strength of the cement was 
28.3 MPa and the Young’s modulus 7.63 GPa. The tensile strength and Young’s 
modulus of the crenettes from the experimental board were found to range from 1.3 to 
1.8 GPa and 46 to 49 GPa respectively.
A bend rig suitable for the flexure testing of the cement boards was designed and 
built, and following the development of a methodology for producing damage free 
specimens, the load -  displacement curves for specimens with different crenette 
orientations and tests performed in different environments were determined. From these 
curves the bend strength and flexural modulus of the cement board have been determined 
(9.0 MPa and 8.6 GPa respectively).
It was found that the stiffness of the board is dependent solely on the properties of the 
cement core, while the ultimate strength is dependent largely on the properties of the 
crenette.
Due to a shortage of material, only the commercially available cement board was 
tested in bending. Both the commercial and experimental boards were tested in tension. 
When tested in tension, the Young’s modulus of the commercial board was found to be 
10.6 GPa, which is reasonably consistent with the flexural modulus, and the strength 3.0
6: Concluding Remarks
MPa. The strength and stiffness of the experimental boards were found to be lower and 
more variable than that of the commercial board (ranging from 1 to 3 MPa and 2.9 to 8.6 
GPa respectively). It was found that while the nature of the crenette is important in 
determining tlie onset of matrix cracking of the cement core, the crenette has little 
influence on the stiffiiess of the cement board. In particular, the boaid made with the 
rectangular mesh exhibits veiy different behaviour to the two boards made with square 
meshes.
The reduction in stiffness of the cement board with increasing damage was 
studied and described quantitatively using a simple analytical model.
For cement boards to be useflil in load bearing applications, their stiffness must 
be improved so that they are able to resist cracking under their own weight when 
handled. This work has shown that the stiffness of the cement board is dependent on the 
properties of the cement core and is not influenced by the crenette. From this it must be 
concluded that the mechanical properties of the cement board cannot be improved 
sufficiently by changes to the crenette and cement board of this type is not suitable for 
use in structinal load bearing applications.
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